An infrared (IR) spectroscopic technique was used to determine the possible functional groups and chemical compounds present in commercially available ink-jet printing reactive dyes of four primary colours, i.e. Cyan, Magenta, Yellow, and Black. Although other instrumental analytical methods can help to determine the actual chemical composition of reactive dyes, the IR technique alone can still provide important structural information about the commercially available reactive dyes. Experimental results revealed that the reactive dyes under determination contained the same functional groups and chemical compounds as the reference reactive dyes.
Introduction
Infrared (IR) spectroscopy is a technique used to identify the structure of chemicals based on the interaction of atoms with infrared radiation. Molecular vibration and rotation can be excited by the absorption of radiation in an infrared region. Such molecular vibrations and rotations can be directly measured as absorbance in the infrared spectrum.
When infrared radiation interacts with an organic compound, certain frequencies of energy are absorbed while others are transmitted or reflected. The frequencies absorbed or transmitted are determined by the functional groups present in the substance. The molecular vibrations are localized within the functional groups and do not extend over the rest of the molecules. Such functional groups can be identified by their absorption bands (Manfred, et al., 1997) . Hence, IR can be used as a means for identifying the chemical composition of the material. On one hand, the IR spectra can indicate certain specific functional groups present in a dye molecule; on the other hand, it can be combined with other techniques of instrumental analysis to identify the actual chemical composition of a material (Wen, 2004; Huang, 2004) . As a whole, IR is a simple and convenient analytical technique that can provide basic and valuable information about the chemical composition of a material (Kan, et al., 2000; Wen, 2004; Huang, 2004 ).
In textile ink-jet printing, the chemical structures of the reactive dyes present in the ink were not disclosed due to commercial reasons. As a result, it was not easy for researchers to study the actual chemical reaction between the dye molecules and the fibres to determine the printing mechanism (Aston et al., 1993; Tzikas, 2000) . Therefore, the aim of this study was to determine the chemical structure of the functional groups available in four primary colours (Cyan, Magenta, Yellow and Black) (Dawson, 2003) of the commercially available reactive dyes used for ink-jet printing.
Experimental

Separating and Purifying Ink
Commercial ink containing reactive dye for inkjet printing is a standardized product for specific end-use and is not a homogeneous chemical compound. Commercial ink often has impurities and may contain a large amount of shading components, most of which can interfere seriously the IR spectra analysis. Therefore, separation and purification are necessary in order to obtain the pure state of dyes for accurate analysis.
Four commercially available reactive dyes in ink form were used in this study. 50 ml ink was first dehydrated in an oven at 40ºC for 120 hours. After dehydration, 50 ml of acetone was added to the ink sample and the impurities were filtered with the use of filter paper and a funnel. Finally, the mixture of acetone and pure dye (filtrate) was put in an oven at 40ºC for 40 hours to completely evaporate all of the organic solvent. The entire ink sample was prepared in this way for analysis.
Preparing a Sample for IR Analysis
The IR spectra were obtained by the potassium bromide (KBr) pellet preparation technique which is a simple and common method to prepare a sample ready for IR analysis.
A spectral grade of KBr was used and its powder was dried in an oven at 80ºC for 24 hours to completely remove the moisture before preparing the sample pellet. All of the dried ink samples prepared from the purification process were immediately used to prepare the KBr sample pellet. The KBr sample pellet containing approximately 500µg to 1mg of the dry ink sample was mixed with the dry KBr powder (the ratio of the ink sample: KBr = 1:100). The mixture was then milled with a small agate mortar until the dried ink powder was completely mixed with the KBr powder. After milling, the mixture was immediately compressed under hydraulic pressure for about 5 to 6 minutes, and the thickness of the KBr sample pellet was controlled to 1 mm to 2 mm. A KBr sample pellet was formed and ready for FTIR spectra analysis.
IR Analysis
Obtaining the IR Spectrum
A Perkin-Elmer System 2000 FT-IR Spectrometer was used to obtain the IR spectrum of the ink sample. Before measuring the sample, the background of the FT-IR was scanned with the following scanning conditions: a resolution of 1 cm -1 and 15 scans. This process was crucial for eliminating the effect of background absorption. The KBr sample pellet was then scanned twice. After scanning, the spectra of the sample were generated and the major peaks were labelled with the help of computer software installed in the FT-IR spectrometer.
Interpreting an IR Spectrum
An IR spectrum consists of two main regions: (i) above 1500cm -1 there are absorption bands that can be assigned to individual functional groups, whereas (ii) the region below 1500cm -1 (the fingerprint region) contains many bands and characterizes the molecule as a whole. The bands within the fingerprint region, which arise from functional groups, can be used for identification, but such assignments should be considered only an aid to identification and not as conclusive proof (Manfred, et al., 1997) .
The interpretation of the IR spectra for the four primary colours first involved a manual search of the reference IR functional group tables. The preliminary analysis of the IR spectra was conducted with the help of a reference table (Table 1) to indicate the possible functional groups exiting in the primary colours. This preliminary analysis can help narrow the range of interpretation. 2 Alkanes, alkenes, etc 1300-1000 C-O-C and C-OH Ethers, alcohols, sugars S=O, P=O, C-F Sulphur, phosphorus, and fluorine compounds 1100-800
Si-O and P-O Organosilicon and phosphorus compounds 1000-650
=C-H Alkenes and aromatic compounds -NH Aliphatic amines 800-400 C-halogen Halogen compounds Aromatic rings Aromatic compounds Second, the IR spectra were examined thoroughly by comparing them with some reference reactive dyes structures as shown in Figures 1 to 7 (Shore, 1995) . For a more detailed examination of the IR spectra, each of the following spectra absorptions was checked to determine the possible functional groups or chemical compounds present in the unknown structure of primary colours:
(i) IR absorption of single bonds to hydrogen; (ii) IR absorptions of double bonds C=O, C=N, C=C, N=N, N=O (iii) IR absorptions of aromatic compounds (iv) IR absorptions in the fingerprint region, including sulphur compounds, phosphorus compounds, ethers, halogen compounds, and inorganic ions. 
Results and Discussions
IR Spectrum of Cyan Colour
The IR spectrum of Cyan colour is shown in Figure 8 . Based on the preliminary analysis, the possible functional groups and chemical compounds in Cyan colour are presented in Table  2 . For IR absorption in the fingerprint region, the bands show:
(i) Aryl-Cl with C-Cl stretching at 1100-1030cm -1 ; (ii) R-SO 3 -with =S=O stretching at 1250-1140cm -1 and 1070-1030cm -1 ; (iii) R-SO 2 -R with S=O stretching at 1370-1290 cm -1 and 1170-1110 cm -1 ; (iv) C-S stretching at 720-600cm -1 .
IR Spectrum of Magenta Colour
The IR spectrum of Magenta colour is shown in Figure 9 . Based on a preliminary analysis and further examination of the spectrum, the possible functional groups and compounds in Magenta colour were the same as in Cyan colour except for the band at 3000-2800cm -1 . Fig. 9 . IR spectrum of Magenta colour
IR Spectrum of Black Colour
The IR spectrum of Black colour is shown in Figure 10 . Based on the preliminary analysis and a further examination of the spectrum, the possible functional groups and compounds in Black colour were the same as in Cyan colour. 
IR Spectrum of Yellow Colour
The IR spectrum of Yellow colour is shown in Figure 11 . A preliminary analysis showed that the possible functional groups or compounds in yellow were the same as in Cyan. A further examination of the IR spectrum of Yellow colour confirmed that the IR spectrum of Yellow colour above 1500cm -1 was the same as that of Cyan colour. The functional groups and chemical compounds in this part can refer to that of Cyan colour. However, the fingerprint region, i.e. below 1500 cm -1 , of the IR spectrum of Yellow colour was different from that of Cyan colour. (ii) Aryl-Cl with C-Cl stretching at 1100-1030cm -1 ; (iii) R-SO 3 - with S=O stretching at 1250-1140cm -1 and 1070-1030cm -1 ; (iv) R-SO 2 -R with S=O stretching at 1370-1290 and 1170-1110 cm -1 ; (v) RO-SO 3 - with S=O stretching at 1315-1220cm -1 and 1140-1050cm -1 ; vi) C-S stretching at 720-600cm -1 .
Functional Groups and Compounds Present in the Four Primary Colours
Overlapping bands exist in the IR spectra; thus, the analysed functional groups and compounds only show the possibility of the existence of such bands. In this study, the IR spectrum of Cyan colour could be used as a reference.
By comparing the IR spectra obtained from the four colours, it was found that the IR spectrum absorption frequencies of Cyan, Magenta, and Black were very similar. This revealed that they might possess similar or the same functional groups and chemical compounds. However, this did not mean that they possessed the same structure. The number, arrangement and combination of the functional groups and compounds could vary so that different chromophoric groupings are present in their dye structures. The IR spectrum of Yellow colour above 1500cm -1 was the same as that of Cyan colour. However, the IR spectrum of Yellow colour below 1500cm -1 was different from that of Cyan colour.
The resulting bands obtained from the IR spectrum of Magenta colour were very similar to that of Cyan colour. Hence, a further analysis of the functional groups and chemical compounds of Magenta colour could refer to that of Cyan colour. A prominent difference between them was the absence of bands 3000-2800 cm -1 in Magenta colour. This revealed that Magenta colour did not contain any aliphatic alkanes groups (-CH, -CH 2 -, -CH 3 ) in the structure. Moreover, the IR spectrum of Magenta showed a stronger band at 1456cm -1 of the azo group (-N=N-) that contributed to the chromophoric group.
The functional groups and compounds of Black colours were very nearly the same as that of the Cyan colour. However, the intensities of the bands around 3000-2800cm -1 of the alkane groups and 1458cm -1 of the azo groups (-N=N-) in the IR spectrum of Black colour were weaker than that of Cyan colour. A further analysis of the functional groups or compounds of Black colour could also refer to that of Cyan colour.
The resulting bands above 1500cm -1 obtained from the IR spectrum of Yellow colour were very similar to that of Cyan colour. Therefore, some individual functional groups or chemical compounds for Yellow colour in this part could refer to that of Cyan colour. However, the band of 3000-2800 cm -1 (-CH, -CH 2 -, -CH 3 ) in the IR spectrum of Yellow colour was much stronger than that of Cyan colour. The fingerprint region of the IR spectrum of Yellow colour was different from that of the others.
Phenolic O-H, primary amines =N─H and secondary amines -NH 2 often exist in dye structures. The absorption bands of the N-H stretching may sometimes be confused with those of hydrogen bonded O-H. The N-H absorption is usually sharper because of a much weaker tendency of the N-H group to form hydrogen bonds (Manfred et al. 1997 ). However, in the case of reactive dye, both O-H and N-H groups may exist in the dye structure. The O-H and =N-H and -NH 2 groups are demonstrated by the following reference reactive dyes (Figures 12 and 13) . The alkane groups, -CH, -CH 2 -, -CH 3 , often exist in dye structure. However, they were generally quite weak in dye spectra because of the low intrinsic intensity of the C-H stretch bands and the usually low concentration of aliphatic groups. Since scattering is usually a problem in this region of the spectrum, it is difficult to get much information from these bands even when using grating resolution (Miller 1977, Berni and Morris 1984) . The IR spectra of Cyan colour and Black colour show a weak peak in the region, while Yellow shows a much stronger peak. The alkane group is absent in the Magenta colour. The saturated -CH 2 -group can be demonstrated by the following reference reactive dye (Figure 14) . Carbonyl groups in chromophores tend, in general, to be conjugated with double bonds or aromatic rings (often in both substituents on the carbonyl) (Miller 1977) . The C=O group may be overlapped with the N-H bending and C=C conjugated with aromatic rings in the IR spectrum. Therefore, it cannot be used to identify whether or not the dye belongs to the anthraquinone type reactive dye. Ketone, =C=O, can be shown by the following reference reactive dye Figure 16 ). The C=N group can be found in some reactive dyes. It may be overlapped with the carbonyl compound and N-H bending in the IR spectrum. With reference to reactive dye, C=N often exits in a conjugated cyclic system. The C=N conjugated cyclic system is demonstrated by the following reference reactive dyes (Figures 17 and 18) . Sulphonate salt, the R-SO 3 -groups are essential components of the reactive dye. They are present in all four colours. The R-SO 2 -R groups may be also present in all of the four colours. The RO-SO 3 -groups occasionally exist in the reactive dye structure. These groups may exist in yellow colorant but not in other colorants. The R-SO 3 -, R-SO 2 -R, and RO-SO 3 -groups are demonstrated by the following reference reactive dyes ( Figures  21 and 22) . 
Conclusion
The functional groups and compounds of four commercially available reactive dyes of primary colour, i.e. Cyan, Magenta, Yellow, and Black, were examined by the IR technique. The IR spectrums of the purified dye samples were obtained and the distribution of the functional groups and chemical compounds in the dye samples were analysed. The experimental results showed that the commercially available reactive dye used for ink-jet printing contained the essential functional groups and chemical compounds when compared with the reference table and referencing reactive dyes. However, the IR spectrum did not actually reveal the chemical structure of the reactive dyes being studied, but the IR spectra obtained from this study could be compared with the dye databases (Yuen et al. 1996) which contain the IR spectra of reactive dyes with known chemical structures and compositions.
